In this work, a novel electrochemical sensing platform was successfully prepared by electrodeposition of gold nanoparticles on the electropolymerized layer of poly-melamine modified pre-anodized glassy carbon electrode. The surface morphology and electrochemical behaviour of the modified electrode (PMel-Au nano /GCE*) were characterized by scanning electron microscopy (SEM), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). The proposed sensor remarkably increased the oxidation responses of rifampicin (RIF) associated with a significant decrease in its peak overpotentials of about 0.10 V based on the integration of the beneficial effects of a conductive PMel (with excellent electrocatalytic activity) and gold nanoparticles (with prominent electrochemical properties and large surface area), which exhibits the properties of their individual components with synergistic effects.
Introduction
Rifampicin (RIF), 3-[(4-methyl-1-piperazinyl)imino] methyl rifamycin, also known as rifampin is a semi-synthetic macrocyclic antibiotic, which was introduced in 1967 in order to cope with tuberculosis.
1 Tuberculosis (TB) is a contagious bacterial infection caused by Mycobacterium tuberculosis (MB-TB), which can affect many organs of body, especially the lungs. RIF is also used to ght with Neisseria meningitidis (a type of bacteria that can cause a serious infection called meningitis) infections in the noses or throats, as well as to treat Hansen's disease (HD) and other serious infections such as HIV, which inhibits bacterial DNA-dependent RNA polymerase.
The concentration of anti-bacterial infection drugs is a key factor when encountering bacteria, and an insufficient concentration of drug leads to the development of drug resistance and the subsequent incomplete treatment of infectious disease.
2 Incomplete treatment of bacterial infections is common, and the success in therapeutic action can be inu-enced by therapeutic regime, interrupted drug supply [3] [4] [5] and physical or chemical interactions with other medications and nutrients, which may alter its bioavailability;
6 on the other hand, an overdose of RIF can produce potential side-effects like hepatotoxicity, allergic rashes, appetite loss, nausea, or immunological disturbances. 6 Therefore, sufficient RIF dosage should be based on an individualized clinical process using the best judgment of a physician trained to administer this antibiotic. In fact, due to the differences in the pharmacokinetics RIF and its bioavailability among different people, development of the therapeutic drug monitoring based on rapid and reliable analytical methods is particularly important. They should determine the RIF concentration to individualize doses for achieving efficient treatment.
So far, numerous analytical methods have been applied to quantify the RIF, 3, [7] [8] [9] [10] [11] [12] [13] [14] that the most common described procedures are based on liquid chromatography (LC) including LC coupled with ultra-violet (UV) 3 and tandem mass spectrometry (MS/MS) 7 detections, high performance liquid chromatography (HPLC) coupled with UV, 3, 8 MS/MS 9 and diode array 10 detections and high performance thin layer chromatography (HPTLC). apparatus for routine analyses. Electrochemical methods have the great advantages of high sensitivity, low cost and simple instrumentation without requiring tedious pretreatments. However, there are still a few electrochemical methods for RIF determination [12] [13] [14] [15] [16] [17] and common interest is dealing with developing novel electrochemical sensors for RIF detection.
Modication of the surface by electropolymerization is an effective way to enhance the catalytic activity of the electrochemical sensors in terms of enhancement in peak current and lowering of over-potential. Moreover, conductive polymer modied electrodes possess very much excellent characteristics in acting as electrochemical sensor, such as desirable stability, reproducibility, enhanced active sites, and homogeneity. Heteroatoms such as nitrogen, sulfur and amino groups present in the conducting polymers interact with metal nanoparticles to form a complex to stabilize the nanoparticles. Polymelamine lm is a new type of conductive polymer, which has attracted considerable attention for analytical purposes due to its high stability and abundant nitrogen functional groups.
18,19
Recently, Su et al. developed the poly-melamine lm modied screen-printed carbon electrode and illustrated its electrocatalytic activity by determination of gallic acid. 18 Cotchim et al. reported a poly-melamine on the surface of graphene oxidemodied electrode for the determination of trinitrotoluene in soil samples via adsorptive cathodic stripping voltammetry.
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Noble metal nanoparticles have been widely utilized in recent years, due to their fabulous catalytic activities for electrochemical application. 20, 21 Due to the unique properties of gold nanoparticles, such as good conductivity, particular electrocatalytic ability and biocompatibility, several researches have been devoted to fabricate electrochemical sensors and biosensors based on gold nanoparticles.
22-24
Electrochemical deposition could provide a rapid and easy alternative rather than the chemical synthesis method for the preparation of gold nanoparticles in a shorter time scales, which provides the particles with higher purity, more controllable and narrower particle size distribution. [25] [26] [27] Conducting polymers can be ideal host matrices for gold nanoparticles because they have advantages of permitting a facile electronic charge ow through the polymer matrix in electrochemical processes. 28, 29 The presence of amine group on carbon materials is also helpful in preventing aggregation, to provide biocompatibility, and to self-assemble of metal particles. The presence of AuNPs on the poly-melamine could amplify the electrochemical and mechanical characteristics of the sensing platform.
Due to modication of conducting polymers with nanomaterials on carbon electrode surface is preferred than other metal electrode surfaces for electrocatalysis purposes, in the present work, a new, sensitive and green approach was developed to prepare a high performance electrochemical sensing platform based on the electroactive poly-melamine lm and electrodeposited gold nanoparticles (PMel-Au nano ) modied pre-anodized glassy carbon electrode (GCE*) for the quantitative determination of RIF. The fabricated sensor showed to be promising for RIF detection with many desirable features including very low detection limit, high sensitivity, decrease in over-voltage, reproducible responses, and acceptable antiinterferences ability.
Experimental

Reagents and instrumentation
RIF was purchased from Sigma-Aldrich. The reagents including hydrochloric acid (HCl, 37% purity), sulfuric acid (H 2 SO 4 , >95% purity), and sodium hydroxide pellets (NaOH, >97% purity) were procured from Sigma-Aldrich. Melamine (>99% purity) used for electropolymerization and Au salt (HAuCl 4 $4H 2 O) used in electro-deposition of gold nanoparticles were also purchased from Sigma-Aldrich. Phosphate buffer solutions (PBS) were prepared with Na 2 HPO 4 and NaH 2 PO 4 from Sigma-Aldrich. All of the chemicals were analytical grade and used without purication.
Electrochemical experiments including CV, linear sweep voltammetry (LSV) and EIS techniques were carried out with an Ivium potentiostat/galvanostat (Vertex, Ivium Technologies, The Netherlands). The experimental conditions for measurements were controlled with Ivium soware. The morphological characterization has been examined by means of scanning electron microscope (SEM, KYKY-EM 3200, China). The measurements were carried out by a conventional threeelectrode cell consisting an Ag|AgCl|KCl (3 M) electrode as the reference, a Pt wire as the counter electrode, and a glassy carbon disk electrode (Ivium, The Netherlands), bare or modied, was used as working electrode.
Fabrication of PMel-Au nano /GCE* First, GCE surface was polished mechanically, with 0.05 mm alumina slurry on a polishing cloth, rinsed thoroughly with Milli-Q water. Then, the electrode was sonicated for 5 min in mixture of ethanol and water (1 : 1, v/v) in ultrasonic cleaning bath. Aer the ultrasonication, it was rinsed with Milli-Q water again and dried with a nitrogen gas stream. The PMel-Au nano / GCE* was prepared according to the following procedure in three steps. First, the GCE was pre-anodized in 0.1 M PBS (pH 7.0) by applying potential of 2.0 V for 300 s and denoted as GCE*. Buffer solutions were purged with nitrogen gas before electrochemical pre-treatment. The activated carboxyl or hydroxyl groups on the pre-anodized GCE surface are prone to adsorb the melamine on the electrode surface in order to form PMel in the next step. Second, the PMel was electropolymerized on the GCE* by cyclic potential scanning from +0.1 to +1.8 V for 14 cycles at a scan rate 100 mV s À1 in a solution 0.1 M HCl and 2.0 mM melamine. In the third step, the gold nanoparticles were electrochemically deposited on the surface of prepared PMel/GCE* by cyclic potential scanning from À0.2 V to +1.2 V in 0.5 M H 2 SO 4 solution containing 0.1 mM HAuCl 4 (degassed with a N 2 stream for at least 10 min and pH ¼ 2.2-2.5) at a scan rate of 100 mV s À1 for 15 cycles. The as-fabricated PMel-Au nano /GCE* was used for the determination of RIF in PBS and real sample solution. Before voltammetric measurements, the modied electrode was cycled ve times between 0.0 and +1.0 V (at scan rate of 100 mV s
À1
) in a PBS of pH 7.0 to obtain a reproducible response. Aer an accumulation time of 125 seconds on an open-circuit, the CVs and LSVs were recorded from À0.1 to +1.0 V at the scan rate of 100 mV s À1 for RIF determination.
Results and discussion
Electropolymerization of melamine on GCE* Aer anodic treatment, background current increased. In addition, the pre-anodized PMel-Au nano /GCE* yielded larger peak currents than non pretreated PMel-Au nano /GCE. These observation showed that the anodization stage was done successfully. Due to the electropolymerization initiates only under proper conditions that can increase the radical cation concentration to a certain level, a positive enough potential associate with activated carbon platform was applied for the poly-melamine formation. 30 The successive cyclic voltammograms in Fig. 1A are related to the electropolymerization process of 2.0 mM melamine in a 0.1 M HCl solution by 14 potential cycles from +0.1 to +1.8 V vs. Ag|AgCl|KCl (3 M) on the surface of GCE*. In the rst cycle of potential, with the increase of potential to +1.8 V, the oxidation of amine starts to take place (E pa $ +1.6 V) and the radical cations are formed. In the second cycle, the newly formed radical cations undergo head-to-head coupling with NH-NH bonding of melamine to create dimer which are followed by anodic peak and formation of polymer during the next cycles. 30 The typical redox behaviour of the polymer is observed at lower potentials with well-dened anodic and cathodic peaks at 0.69 V and 0.55 V, respectively. With increasing the number of potential cycles, the polymer peaks current continuously increased together with a decrease in the amount of monomers remained in solution, which is evidence of the gradually growth of conductive polymer on the surface of GCE* (Fig. 1Ab has higher magnication than Fig. 1Aa ).
Morphological and electrochemical characteristics of PMelAu nano /GCE* The morphology of PMel-Au nano nanocomposite on the surface of GCE* has been investigated by SEM images. The SEM images of the unmodied GCE and formed PMel lm on the GCE* represents in Fig. 1B , respectively. Aer the electrodeposition of gold nanoparticles (PMel-Au nano /GCE*), it is obviously seen that many spherical gold nanoparticles were distributed and attached to the surface of the PMel (Fig. 1Bc and Bd) . Furthermore, the electroactive feature of the PMel/GCE* and PMel-Au nano /GCE* modied layers were investigated by means of cyclic voltammetric study in PBS (pH 7.0). As shown in Fig. 2A (curve a) , a couple of welldened anodic and cathodic peaks were clearly observed attributing to the oxidation and reduction of the PMel at GCE*. The formal potential (E 0 ), which is estimated from the average of the redox peak potentials, was calculated as 0.259 V vs. Ag|AgCl|KCl (3 M). Peak-to-peak separation (DE p ) for the PMel/GCE* was 0.182 V and the ratio of cathodic peak current over the anodic one is nearly unit. Thus, based on the obtained parameters, the electrochemical process of PMel is considered as a quasi-reversible redox process. Upon electrodeposition of gold nanoparticles on the PMel/GCE* by cyclic sweeping, the peak current for the PMel-Au nano /GCE* increased dramatically ( Fig. 2A , curve b) with formal potential of 0.216 V and peak separation of 0.160 V. Indeed, the integration of PMel and gold nanoparticles in the modied lm amplied the peak currents and reversibility of redox peaks, which can be related to the larger electroactive surface area of PMel-Au nano /GCE* and electrocatalytic behaviour of gold nanoparticles. The effective surface area of the different electrodes was estimated by recording cyclic voltammograms of 0.1 mM potassium ferrocyanide at different scan rates of 10-200 mV s À1 .
From the slope of I p vs. square root of scan rate (n 1/2 ) using Randles-Sevcik equation 31 and considering the diffusion coefcient of ferrocyanide as 6.20 Â 10 À6 cm 2 s À1 , 32,33 the effective surface areas for bare GCE, PMel/GCE* and PMel-Au nano /GCE* were calculated to be 0.058, 0.103 and 0.141 cm 2 , respectively.
The results depicted the presence of PMel and gold nanoparticles at PMel-Au nano /GCE* clearly amplied the active surface area of the unmodied electrode. 
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EIS studies
As a powerful technique for probing the features of electrode surface, the EIS was applied to investigate the interfacial properties of electrode surface within the stepwise modication process. 6 ]. As it can be seen, signicant changes in the impedance data were obtained at bare GCE, PMel/GCE* and PMel-Au nano /GCE*. At bare GCE (Fig. 2B, curve a) , a large semicircle domain with charge transfer resistance (R ct ) equals to 405 U in the Fe[CN] 6 3À/4À redox probe was observed. However, for the PMel/GCE* (Fig. 2B, curve b) , the value of R ct was decreased obviously to about 276 U, implying that PMel acts as a suitable electron transfer platform for shuttling electrons between the electrochemical probe and the electrode, and exhibits a conducting behavior like wire. Upon electrodeposition of gold nanoparticles on the PMel/GCE* (Fig. 2B, curve c) , the R ct was further decreased to the 128 U, indicating the synergistic electrocatalytic effect of gold nanoparticles and polymelamine lm towards the redox process of the probe.
Electrooxidation of RIF at the PMel-Au nano /GCE*
The electrocatalytic performance of the modied electrode towards RIF oxidation was investigated by CV method. Fig. 3A shows the cyclic voltammograms of RIF (5.0 mM) at different electrodes including bare GCE, PMel/GCE* and PMel-Au nano / GCE* in 0.1 M PBS (pH 7.0). Electrochemical oxidation of RIF at the surface of bare GCE shows two very weak peaks, at potentials about 0.19 V (E pa1 ) and 0.81 V (E pa2 ) vs. Ag|AgCl|KCl (3 M), due to sluggish electron transfer (Fig. 3A, curve a) . The remarkable enhancement in the peak currents was observed at the PMel/GCE* (Fig. 3A, curve b) , which is implied that the oxidation of RIF became facile in the presence of PMel lm modied electrode. However, the values of RIF oxidation peaks currents obtained at the PMel-Au nano /GCE* (E pa1 ¼ 0.09 V and E pa2 ¼ 0.70 V) showed considerable negative shis in the over-potentials of about 0.10 V (Fig. 3A, curve c) together with a signicant increase in the peak currents compared to the unmodied electrode. It was concluded that the best results for electrocatalytic detection of RIF was obtained at the surface of PMel-Au nano /GCE* due the integration of the polymelamine (with excellent electrocatalytic activity) and gold nanoparticles (with prominent electrochemical properties and large surface area) which exhibits the properties of its individual components with synergistic effects.
Here, the electrochemical oxidation of RIF peak 1 at the PMel-Au nano /GCE* can be ascribed to the oxidation of 6,9-dihydroxynaphthalene moiety to the corresponding naphthoquinone, very close to that observed for the hydroquinone/ quinone redox system and the electrochemical oxidation of RIF peak 2 may be assigned to the oxidation of piperazinylimino moiety of the RIF molecule (the corresponding moieties were shown in Fig. 3A ).
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Accumulation time and potential can also signicantly affect sensitivity of the determination method by altering the amount of the adsorbed RIF at the modied electrode surface. Fig. 3B shows that the peak currents of RIF increased gradually with increasing the accumulation time from 10 to 125 s. However, with further increasing the accumulation time, the peak currents tended to be almost stable. This observation implied that surface saturation happened at higher accumulation times (125-200 s) . Therefore, the optimal accumulation time of 125 s was employed prior to RIF voltammetric determination. In addition, it was found that the accumulation potential has no inuence on the RIF oxidation peak currents. Therefore, the accumulation step was carried out under the open-circuit condition for following experiments.
Effect of pH on the electrochemical oxidation of RIF RIF shows two peaks onto the surface of PMel-Au nano /GCE*. Various parameters affect the peak potentials and peak currents. Optimal conditions for obtaining high peak currents and well dened peak shapes for the two are different. Since the potential of these peaks are far from each other. In some cases, one compound is interference for rst oxidation peak, but second oxidation peak of analyte is interference free and vice versa. Therefore, according to the type of samples and interferences, one of them can be used for analysis. The electrochemical responses of RIF at the PMel-Au nano /GCE was carried out in PBS with different pHs ranging from 3.0 to 9.0. Typical LSV behaviours of 12.0 mM RIF at different PBS are shown in Fig. 4A . The peak currents for RIF gradually increased by raising the pH values from 3.0-7.0 and reaching to their maximum at pH ¼ 7.0. Further increase of the pH to 9.0 caused the peak heights to decline. Hence, PBS of pH 7.0 was chosen as the optimum pH and used for all further experiments (Fig. 4B) .
As shown in Fig. 4C the oxidation peak potentials of peak 1 and peak 2 indicate the same trend and shied to the negative direction with the increase of pH values, demonstrating that the protons directly involved in their electrode reaction processes.
The linear regression equations of peak 1 and peak 2 are expressed as follows respectively:
The resulted slopes of the plots in the pH range 3.0-9.0 also demonstrate that the number of electrons and protons are equal in the oxidation of RIF.
Analytical characteristics
The LSV technique was employed to obtain the linear ranges and detection limits for the determination of RIF at the surface of the proposed electrode. The anodic peak currents were proportional to RIF concentrations in the linear range of 0.08-15.00 mM (Fig. 5) . The detection limit (3s) for determination of RIF was estimated using the slope of the calibration plot of peak 2 (which has more sensitivity that the calibration plot of peak 1) and was found to be 0.03 mM. Table 1 displays a comparison between previously reported modied electrodes and the developed PMel-Au nano /GCE* for RIF determination, which implies that PMel-Au nano /GCE* exhibits comparable performance for RIF determination over other electrodes. Furthermore, the stability of the modied electrode is investigated by examining its performance during one-month storage. A signal decrease of 3.3% and 5.7% was observed toward RIF oxidation peaks 1 and 2, respectively (Fig. 6) . Also, in order to study the reproducibility of the electrode modication, ve PMel-Au nano /GCE* electrodes were prepared independently. The relative standard deviations (RSDs) of measuring peak currents 1 and 2 for 5.0 mM RIF for ve successive prepared electrodes were 2.0% and 2.8%, respectively, indicating a reasonable reproducibility of the modied electrode (Fig. S1 and S2 †).
Interference studies and real sample analysis
Under the optimized experimental conditions, the effect of some common interferences such as ascorbic acid, uric acid, dopamine and glucose on the voltammetric determination of RIF was examined. The results (Table 2) shows there are no signicant change in the peak currents of RIF in the presence of these compounds (signal change less than 5%). Fig. 7 shows typical linear sweep voltammogram in the absence of interferences (a) and aer addition of some mentioned species. Hence, the proposed sensor can be successfully applied for the determination of RIF in the presence of other interference compounds in the clinical preparations.
The feasibility and reliability of the proposed sensor in practical analysis was also tested in spiked human urine samples. Urine sample was originally obtained from a healthy volunteer (one of the authors). Sample collection was performed according to institutional ethic approval and informed consent was obtained from the volunteer. Urine sample was stored in a refrigerator immediately aer its collection. For analysis, 5.0 mL of the sample was centrifuged for 15 min at 2000 rpm. The aliquot amounts of RIF were added to urine samples which did not contain the RIF. Each voltammetric measurements (LSV) was employed in triplicate by the standard addition method (n ¼ 3) and the analysis data were summarized in Table 3 . The PMel-Au nano /GCE* offers the satisfactory recoveries and RSD values for voltammetric determination of RIF in real samples analysis.
Conclusions
An extremely sensitive and selective electrochemical sensor was developed through modication of the pre-anodized GCE with poly-melamine lm decorated with gold nanoparticles (PMel- This journal is © The Royal Society of Chemistry 2017
Au nano /GCE*) for the determination of rifampicin. The proposed sensor remarkably increases the oxidation responses of rifampicin as well as shis its oxidation potentials to the fewer ones. The developed sensor displayed desirable properties such as rapid preparation, wide linear concentration range, low detection limit, good reproducibility, stability, and antiinterference ability, which provided a promising platform for sensing of this anti-TB drug. This study has also demonstrated the practical analytical efficiency of the prepared modied electrode for the determination of RIF in human urine samples.
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